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Air and water pollution has been one of the challenging environmental issues in modern society. Since the Honda-Fujishima effect was
first reported in 1972, a semiconductor-based photocatalysis has been regarded as one of the most green and economical processes for potential
application in environmental remediation. Bismuth-based semiconductors are regarded as a promising group of advanced photocatalytic materials
due to their suitable band gap for visible light response, an increased mobility of photo-generated charge carriers because of well-dispersed Bi 6s
orbital, non-toxicity, and easy tailoring of their morphologies. To utilize its full potential in environmental remediation, various studies have been
carried out to enhance the photocatalytic performance of layered Bi2 WO6, one of the simplest members of the Aurivillius oxide family of layered
perovskites. This review introduces past achievements, the state of the art, and future perspectives in heterogeneous photocatalysis and its application in environmental remediation, particularly in photocatalytic air and water purification. The layered compounds, bismuth-based photocatalysts,
and composite photocatalysts and their application in environmental remediation are discussed.
Keywords: photocatalyst, bismuth tungstate, composite, photodegradation
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Загрязнение воздуха и воды является одной из серьезных экологических проблем в современном обществе. С тех пор, как в 1972 году
впервые было сообщено об эффекте Хонда-Фудзисимы, фотокатализ на основе полупроводников считается одним из наиболее экологически
чистых и экономичных процессов для потенциального применения в восстановлении окружающей среды. Полупроводники на основе висмута
рассматриваются как многообещающая группа современных фотокаталитических материалов из-за их подходящей ширины запрещенной
зоны для отклика в видимом свете, повышенной подвижности фотогенерируемых носителей заряда, из-за хорошо диспергированной 6sорбитали Bi, нетоксичности и простоты модификации морфологии частиц. Чтобы полностью использовать потенциал для восстановления
окружающей среды, были проведены различные исследования для улучшения фотокаталитических характеристик слоистого Bi2WO6, одного
из простейших членов семейства слоистых перовскитов оксида Ауривиллиуса. В этом обзоре представлены достигнутые успехи, современное
состояние и перспективы на будущее в гетерогенном фотокатализе при применении Bi2WO6 для восстановления окружающей среды, особенно при фотокаталитической очистке воздуха и воды. Обсуждаются слоистые соединения, фотокатализаторы на основе висмута и композитные фотокатализаторы, а также их применение при восстановлении окружающей среды.
Ключевые слова: фотокатализатор, вольфрамат висмута, композит, фотодеградация
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Havo va suvning ifloslanishi zamonaviy jamiyatning asosiy ekologik muammolaridan biridir. Honda-Fujishima effekti haqida birinchi marta
1972 yilda xabar berilganligi sababli, yarimo'tkazgichga asoslangan fotokataliz atrof-muhitni tiklashda potentsial qo'llanilish uchun eng ekologik va iqtisodiy jarayonlardan biri hisoblanadi. Bizmutga asoslangan yarimo'tkazgichlar zamonaviy fotokatalitik materiallarning istiqbolli guruhi hisoblanadi,
chunki ular ko'rinadigan nurda javob berish uchun mos tarmoqli oralig'i, fotogeneratsiyalangan zaryad tashuvchilarning harakatchanligi, Bi ning yaxshi
tarqalganligi 6s-orbital, toksik bo'lmaganligi va modifikatsiyaning qulayligi. zarrachalar morfologiyasi. Atrof-muhitni tiklash potentsialidan to'liq foydalanish uchun qatlamli perovskitlarning Aurivillius oksidi oilasining eng sodda a'zolaridan biri bo'lgan Bi2WO6 qatlamining fotokatalitik ko'rsatkichlarini
yaxshilash bo'yicha turli tadqiqotlar o'tkazildi. Ushbu sharhda atrof-muhitni tiklash uchun, ayniqsa, havo va suvni fotokatalitik tozalashda Bi2WO6 dan
foydalangan holda geterogen fotokatalizda erishilgan taraqqiyot, zamonaviylik va kelajak istiqbollari keltirilgan. Qatlamli birikmalar, vismutga
asoslangan fotokatalizatorlar va kompozitsion fotokatalizatorlar, shuningdek atrof-muhitni tiklashda ulardan foydalanish masalalari muhokama qilinadi.
Каlit so'zlar: fotokatalizator, vismut bolframati, komposit, fotodegradatsiya
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Heterogeneous photocatalysis for environmental remediation
An extensive range of pollutants has been
released into the terrestrial, aquatic, and atmospheric environments due to rapid urbanization, industrialization and agricultural development. Particularly,
the environmental pollution has accelerated a dramatic alteration in the aquatic and atmospheric
compositions, leading to the global climate change
and endangering the environment and human health
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[1]. The degradation of these pollutants can be done
by various chemical, photochemical and biological
processes; however, these processes need a long
treatment time and generates solid wastes requiring
further disposal [2]. Since the Honda-Fujishima
effect was first reported in the early 1970’s [3], the
heterogeneous photocatalytic degradation of various
organic pollutants in air and water has gained
much attention because this advanced oxidation
process has several advantages over the competing
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Figure 1. Basic principles of photocatalytic water splitting (left) and photodegradation of organic pollutants (right) over semiconductors.

conventional air purification and water treatment
processes, such as complete mineralization, no
waste generation, inexpensive, and mild conditions
(temperature and pressure). To date, an environmentally friendly advanced oxidation process has
been successfully applied for efficient treatment of
municipal and hospital wastewater, agricultural
wastewater, and wastewater from various industries,
including dairy, paper, textile, oil, distillery, pharmaceutical, and volatile organic compounds. Generally, such heterogeneous advanced oxidation processes are complex and have following steps to enable the heterogeneous reaction: (i) diffusion of reactants to the surface, (ii) adsorption of reactants onto
the surface, (iii) photocatalytic reaction on the surface, (iv) desorption of reaction products from the
surface, and (v) diffusion of products from the surface [4].
Figure 1 shows a schematic illustration of the
basic principles of overall water splitting and photodegradation of organic pollutants on a heterogeneous photocatalyst. As shown in Figure 1, the photocatalytic reaction is generally initiated by the absorption of a photon with energy equal to, or greater
than the band gap of the semiconductor, and the
generation of electrons (e–) and holes (h+).
Photocatalyst + hv → electrons (eCB–) + holes (hVB+)
In photocatalytic water splitting, electrons in
the valence band are excited upon irradiation and
migrate to the conduction band, leaving holes in the
valence band. The photogenerated electrons are involved in the water reduction reaction (H+/H2),
while the photogenerated holes participate in the
water oxidation reaction (H2O/O2), promoting an
overall water splitting.
4H+ + 4e– → 2H2
E0 = 0.00 eV
+
–
2H2O → O2 + 4H + 4e E0 = - 1.23 eV
In photodegradation of organic pollutants, the
mechanism of heterogeneous photocatalysis is pri-

4

marily described by the semiconductor capability to
generate charge carriers upon light irradiation followed by the generation of radicals [5]. On one
hand, the photogenerated electrons and holes can
directly drive the reduction and oxidation degradation reactions of pollutants, respectively. On the
other hand, upon light irradiation electrons in the
valence band move to the conduction band and react with the surface-adsorbed oxygen molecules to
form superoxide radicals (O2·–). Meantime, the oxidation of H2O and OH– by photogenerated holes
produces hydroxyl ions (·OH), an extremely powerful oxidant with the oxidation potential of 2.8 V
versus normal hydrogen electrode. Further, the
formed O2·– and ·OH ions are engaged in the photocatalytic degradation of organic pollutants adsorbed
on the photocatalyst surface.
O2 ads. + e– → O2·–
OH– + h+ → ·OH
·– ·
O2 / OH + organic pollutants → mineralization products
When the photogenerated holes also reach the
surface, they can react with the surface-adsorbed
organic molecules by interfacial electron transfer,
assuming that the adsorbed organic molecules have
a redox potential appropriate for thermodynamically
allowed reaction. Therefore, an adsorbed electron
donor can be oxidized by transferring an electron to
a photogenerated hole on the surface, and an adsorbed acceptor can be reduced by accepting an
electron from the surface [6].
Heterogeneous photocatalysis has been widely applied in different applications, including environmental (water and air purification, photocatalytic
water splitting), structural (self-cleaning paints,
tiles, glasses, ceramics, textile, etc.), healthcare (self
-sanitizing coating, medical instruments, etc.), selective redox reactions (synthesis of organic compounds, the reduction of graphene oxide), cancer
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Figure 2. Practical requirements for the photocatalysts in environmental remediation [7].

treatment (drug delivery, endoscopic instruments,
etc.), etc. [7,8], because it fulfills the practical requirements, such as cost, efficiency, stability, safety, and utilization of visible light (Figure 2) [7].
In heterogeneous photocatalysis, the photocatalyst should promote reactions in the presence of
light without being consumed in the overall reaction. Therefore, it is necessary to select a good photocatalyst promoting the heterogeneous photocatalytic reaction. In general, a good photocatalyst
should be photoactive in the visible region, (ii) photostable during the photocatalytic reaction, (iii) biologically and chemically inert, (iv) inexpensive, and
(v) non-toxic. The photocatalytic activity strongly
depends on the particle morphology, size, dimension, specific surface area, hierarchical and hollow
structures, etc. [9]. Heterogeneous photocatalysts
can be classified into the following categories depending on dimension:
Zero-dimensional (nanoparticles [9] and quantum
dots [10]);
One-dimensional (nanorods [11,12], nanoribbons
[13], and nanotubes [14]);
Two-dimensional (graphene-based nanocomposites
[15,16]);
Three-dimensional (3D carbon materials [15]).
The most widely used group of nanomaterials
is the zero-dimensional group, particularly in the
form of core-shell nanoparticles. Also, efficient separation and transfer of photogenerated charge carriers in a low dosage of photocatalyst can be achieved
by developing ultrathin, hierarchical and hollow

structures and immobilization on substrates with
specific morphologies. The photodegradation of
organic pollutants in gas and liquid phase systems
can be done by heterogeneous photocatalysis
(Figure 3) [7].
Layered compounds as photocatalysts for
environmental remediation
As mentioned above, the photocatalytic activity of a photocatalyst is strongly dependent on its
morphology, size and dimension, which promote
the migration of photogenerated charge carriers to
the surface. In comparison with zero-dimensional
(0D), one-dimensional (1D), and three-dimensional
(3D) materials, two-dimensional (2D) layered materials have advantages, namely larger specific surface area, greater number of active sites, good conductivity, superior electron mobility, expanded contact surface, increased charge transfer rate, good
photocatalyst support [17]. Graphene has a 2D
nanostructure comprised of a single layer of sp2bonded carbon atoms with honeycomb rings. Yu
and co-workers [18] have studied the effect of graphene on the photocatalytic activity of CdS and
found that the CdS-graphene composite could exhibit a 5-fold increased photocatalytic hydrogen
production rate compared with pure CdS because of
the improved crystallinity and specific surface area
and the inhibited recombination of photogenerated
charge carriers. As another carbon-based material,
graphitic carbon nitride (g-C3N4) has high thermal
stability, high chemical stability against acid, base

Figure 3. Heterogeneous photodegradation systems for various pollutants [7].
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Figure 4. Crystal structures of the representatives of layered perovskite oxides [25].

and organic solvents, high photoreactivity and high
electron transfer ability. Various g-C3N4-based heterojunction photocatalysts have exhibited an enhanced photocatalytic activity for the degradation of
methylene blue, methyl orange, phenol, ciprofloxacin, toluene, brilliant red, formaldehyde, isoniazid,
rhodamine B, acridine orange, 2,4-dichlorophenol,
sulforhodamine B, fuchsin, bisphenol A, etc. [19].
As an example, the high photocatalytic activity was
achieved for the degradation of methyl orange by
Ag@AgBr/g-C3N4 due to the formation of the Zscheme system [20]. Molybdenum disulphide
(MoS2) has a layered structure in which the layers,
constituting an atomic plane of Mo sandwiched between two atomic planes of S in a trigonal prismatic
arrangement, are connected by weak van der Waals
forces. Since the valence band edge potentials for
bulk MoS2 and monolayer MoS2 are estimated to be
1.40 eV and 1.78 eV, respectively, they are not oxidative enough to generate free radicals (e.g. •OH)
and directly decompose pollutants. However, MoS2
can serve as a cocatalyst to improve the photocatalytic activity of the support photocatalyst [21]. Due
to the excellent electronic conductivity of MoS2, the
TiO2 nanofibers vertically coated with MoS2 layer
acted as a ‘wire’ to transfer photogenerated electrons from Ag3PO4 into the solution quickly, and
the photocorrosion of Ag+ was also inhibited, improving the photocatalytic activity Ag3PO4/
TiO2@MoS2 for the degradation of dyes and antibiotics [22]. Layered double hydroxides (LDHs), generally called anionic clays, have emerged as one of
the promising candidates for heterogenous photocatalysis for environmental remediation owing to their
unique layered structure, compositional flexibility,
low manufacturing cost and easy synthesis [23]. A
highly efficient visible-light-driven hybrid nanocomposite, consisting of positively charged ZnCrLDH nanosheets and negatively charged graphene
nanosheets, exhibited superior photocatalytic activi-

6

ty for the degradation of rhodamine B due to efficient separation and transfer of photogenerated
charge carriers [24].
Although two-dimensional (2D) materials
have several advantages, single-layered materials
are however thermodynamically unstable and selfagglomerated into larger particle to reduce surface
energy during growth. Therefore, various photocatalysts have been synthesized with hierarchical
structures (3D) assembled by single layers.
Layered perovskite oxides are a large family
of promising photocatalysts due to their structural
simplicity and flexibility, good stability and efficient photocatalytic performance. The general formulae of the well-known layered perovskite oxides
are (Bi2O2)(An−1BnO3n+1) (Aurivillius phase),
An+1BnO3n+1 or A2′An−1BnO3n+1 (Ruddlesden–Popper
phase) and A′[An−1BnO3n+1] (Dion–Jacobson phase)
for {100} series, (AnBnO3n+2) for {110} series and
(An+1BnO3n+3) for {111} series [25]. The representative examples of these layered structures are shown
in Figure 4. In these structures, n represents the
number of BO6 octahedra that span a layer, which
defines the thickness of the layer.
The crystal structures of the Aurivillius phases are built by altering the layers of [Bi2O2]2+ and
pseudo-perovskite blocks (e.g., Bi2WO6, BiMoO6).
A series of Aurivillius layered perovskites, Bi5xLaxTi3FeO15 (x = 0 - 2), exhibited the photocatalytic activity towards the degradation of rhodamine B,
which is comparable or higher than many of the
single-phase and composite photocatalysts with Aurivillius and perovskite structures in the bulk or
nanostructured form reported recently [26]. The
crystal structures of the Ruddlesden–Popper phases
result from the intergrowth of perovskite ABO3 and
A′O as the intermediate spacing layer (e.g.,
Sr2SnO4, Li2CaTa2O7). A series of Ruddlesden−Popper-type hydrous layered perovskites, A2′
ATa2O7 (A′ = H or K, A = La2/3 or Sr) were synthe-
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Figure 5. Band positions of bismuth-based photocatalysts [32].

sized as novel photocatalyst for water splitting under UV light irradiation, and the addition of Ni cocatalyst to H2La2/3Ta2O7 via an ion-exchange reaction increased the photocatalytic activity [27]. In the
crystal structures of the Dion–Jacobson phases, A′
(a univalent alkali cation) separates the perovskitelike blocks (e.g., RbLnTa2O7 (n = 2), KCa2Nb3O10
(n = 3)). The [Ca2Ta3O9.7N0.2]− nanosheets prepared
by exfoliating a Dion–Jacobson phase layered perovskite oxynitride (CsCa2Ta3O9.7N0.2) via proton
exchange and two-step intercalation of ethylamine
and tetrabutylammonium ions showed a photocatalytic activity for hydrogen evolution under visible
light irradiation [28]. The AnBnO3n+2 and
An+1BnO3n+3 structural series with different layered
orientations have demonstrated a photocatalytic
activity (e.g., Sr2Ta2O7, Sr5Ta4O15). Among various
metal dopants for La2Ti2O7, only Cr and Fe showed
intense absorption in the visible light region (>400
nm), and only these photocatalysts produced H2
photocatalytically in the presence of methanol under visible light irradiation [29]. Monomolecularlayer perovskite Ba5Ta4O15 nanosheets synthesized
by a hydrothermal method showed a high photocatalytic activity in the degradation of rhodamine B
and gaseous formaldehyde because of efficient
charge separation and delocalization of photogenerated electrons and holes [30].
Bismuth-based photocatalysts for environmental remediation
Bismuth-based semiconductors are an important class of visible-light-responsive photocatalysts and have received an increasing attention due
to their appropriate band gap for visible-light absorption, high mobility of photogenerated charge
carriers stemming from the well-dispersed Bi 6s
orbital, layered structure, easily tailored morphology, and non-toxicity. In terms of environmental remediation, Bi2E3 (E = O, S, Se, Te), BiOX (X = Br, Cl,
I), Bi2MO6 (M = Cr, Mo, W), BiMO4 (M = P, V, Nb,
Ta), BiFeO3, and other related compounds (Bi4Ti3O12,
Bi12TiO20, Bi2O2CO3, Bi3TiNbO9, Bi0.5K0.5TiO3, etc.)
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have exhibited good photocatalytic activity for degradation of organic water pollutants, oxidation of
gaseous pollutants, and photoreduction of CO2 [31].
However, Bi-based photocatalysts have a lower
conduction band that is insufficient for the reduction of H+ to H2 (Figure 5) [32]. Most of these Bibased compounds have a layered structure, where
van der Waals and covalent interaction forces simultaneously exist between layers, giving higher stability and an efficient separation and transfer of
charge carriers due to the ultrathin structure.
As the simplest member of the Aurivillius
family with general formula Bi2An–1BnO3n+3 (A =
Ca, Sr, Ba, Pb, Bi, Na, K and B = Ti, Nb, Ta, Mo,
W, Fe) and layered structure, Bi2WO6 has an orthorhombic structure constructed by alternating
[Bi2O2]n2n+ layers and perovskite-like [WO4]n2n–
layers and attracted much attention due to its excellent physical and chemical properties [33]. Such
layered structure generally favors the efficient separation of photogenerated charge carriers and improves the photocatalytic activity due to the formed
internal fields between the slabs. Earlier, Kudo and
Hijii [34] found that only Bi2WO6 could photocatalytically generate oxygen from water splitting under
visible light irradiation among the layered oxide
photocatalysts consisting of Bi3+ with 6s2 configuration and d0 transition metal ions (Bi2W2O9, Bi2WO6,
Bi3TiNbO9) [34]. Later, the mineralization of both
CHCl3 and CH3CHO to CO2 by Bi2WO6 photocatalyst under visible light irradiation was reported by
Tan et al. [35]. Since these pioneering works on
Bi2WO6, several research groups have developed
various strategies (morphology control, doping, heterostructure, etc.) to further improve the photocatalytic activity of Bi2WO6. Zhang and Zhu [36] successfully synthesized square Bi2WO6 nanoplates by
a simple hydrothermal process via controlling the
hydrothermal reaction temperature and time and
found that the nanoplates with the (001) basal plane
can exhibit three times higher photocatalytic activity for the degradation of rhodamine B under visible
light irradiation compared with bulk sample pre-
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Figure 6. Types of conventional heterojunction [8].

pared by solid-state reaction. Shang et al. [37] applied an electrospinning technique to fabricate
Bi2WO6 nanofibers that showed higher photocatalytic activity in the decomposition of acetaldehyde
and aqueous ammonia under visible light irradiation
than the sample prepared by solid-state reaction and
nanoparticles. Zhang et al. [38] synthesized flowerlike Bi2WO6 superstructures by a hydrothermal
method without any template, which exhibited excellent visible-light-driven photocatalytic activity
for the degradation of rhodamine B compared with
P25-TiO2. The Bi2WO6 nanocages were successfully prepared with colloidal carbon spheres as the
template via a facile refluxing process in ethylene
glycol and exhibited higher shape-associated photocatalytic activity (nearly 10 times higher) in the
degradation of RhB under visible-light irradiation
compared with the sample prepared by solid-state
reaction and P25-TiO2 [39]. Due to the electrophilic
and oxytropic properties of boron, the adsorption
capacity of Bi2WO6 was significantly enhanced by
boron doping, and the separation and transfer of
photogenerated electron-hole pairs were improved
because boron can act as an electron trap, resulting
in higher photocatalytic activity in degradation of
rhodamine B compared with pure Bi2WO6 [40]. Although enormous efforts have been made to synthesize pure and doped Bi2WO6 nano/micro-structures
with relatively high photocatalytic activity, there are
still some drawbacks limiting their practical applications, such as short lifetime of photogenerated
electron-hole pairs and a limited absorption of visible light. To further improve its photocatalytic activity, Bi2WO6 was combined with other semiconductors to create a heterojunction. As is well
known, heterojunction is defined as the interface
between two different semiconductors having unequal band structures. Typically, there are three types
of heterojunctions: (i) straddling type, (ii) staggered
type, and (iii) broken gap type (Figure 6). In straddling type, the energy band gap of semiconductor A
is wider than that of semiconductor B, resulting in
the accumulation of charge carriers on small-bandgap semiconductor. In staggered type, the valence
band and conduction band of semiconductor A are
higher and lower than those of semiconductor B,
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resulting in the spatial separation of charge carriers
which prevents the recombination of electrons and
holes. In broken gap type, the staggered gap becomes so wide that electron-hole migration is not
possible [8].
In addition to conventional heterojunctions, p
–n heterojunction, surface heterojunction, direct Zscheme heterojunction and semiconductor/graphene
heterojunctions have also been studied. The p–n
heterojunction improves the photocatalytic activity
by providing an additional electric field due to the
combination of n-type and p-type semiconductors.
Surface heterojunction involves creating different
crystal facets on the exposed surface of semiconductor. Z-scheme heterojunction maximizes the redox potential of the heterojunction due to the presence of two different semiconductors without physical contact, where the migration of charge carriers
takes place through the acceptor/donor pair. Semiconductor/graphene heterojunction is based on ultra
-high electron conductivity of graphene, enhancing
the electron flow [8]. Colón et al. [41] synthesized
Bi2WO6-TiO2 heterostructures by a hydrothermal
method, which showed high photocatalytic activity
for the degradation of rhodamine B under sun-like
irradiation owing to the improved charge carrier
separation. As a novel plasmonic visible-lightdriven photocatalyst, the Bi2WO6/Ag3PO4–Ag Zscheme heterojunction was prepared by ultrasound
assisted in situ precipitation and the hydrothermal
method and showed superior photocatalytic activity
for the simultaneous degradation of auramine-O and
methyl green under visible light because of the decreased recombination rate of photogenerated electron-hole pairs and the enhanced diffusion rate of
electrons and holes across the heterojunction [42].
Bi2WO6 was modified with graphene to enhance its
visible-light-induced photocatalytic activity for H2/
O2 generation [43] and degradation of rhodamine B
[44] because the chemical bonding formed between
graphene and Bi2WO6 facilitated the electron collection and transfer, inhibited the recombination of
photogenerated charge carriers, and shifted the Fermi level. The immobilization of photocatalytic particles can reduce the scale of the reactor by eliminating the separation and washing unit. Recently,
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Figure 7. Strategies for enhancing the photocatalytic activity of Bi-based photocatalysts [32].

Raizada et al. [45] immobilized magnetically retrievable Bi2WO6/Fe3O4 nanocomposite particles on
graphene sand composite and studied their photocatalytic activity for the mineralization of oxytetracycline and ampicillin under visible light irradiation, and it was found that the immobilized nanocomposite particles can be photostable and recyclable for at least ten photocatalytic runs.
Present status and future trend
Bi-based materials are promising visiblelight-active photocatalysts with applications in
photocatalytic environmental remediation and
energy conversion. More specifically, these photocatalysts can be used for the visible-lightinduced photo-catalytic degradation of organic
pollutants, H2 generation from water splitting,
and CO2 reduction. Although significant progress
has been achieved so far, the bulk Bi-based photocatalysts have shown an unsatisfactory photocatalytical activity under visible light irradiation.
In this context, a number of strategies, such as
changing the composition, controlling the morphology, constructing the heterojunction, and
modifying the surface are necessary to improve
the photocatalytic activity (Figure 7). This can be
achieved by applying various approaches, namely, cation/anion doping, stoichiometry controlling, synthesis of solid solutions, lowdimensional nanostructures, and hierarchical and

2'2021 K I M Y O
va ki myo te xno logi yas i

porous architectures, creation of conventional
heterojunctions and direct Z-scheme junctions,
and surface modification. Also, it is expected that
the combination of different nanomaterials and
layered nanostructures with Bi-based photocatalysts can improve the photocatalytic activity due
to the improvement of light absorption, separation and transfer of photogenerated charge carriers, and band gap engineering. Therefore, it is
necessary to understand the roles of dopant, altered morphology and particle size, the formed
heterojunction, and the modified surface in improving the photocatalytic activity of Bi-based
photocatalysts and the mechanisms involved in
the adsorption and photodegradation processes of
organic molecules.
The following aspects of the research area
of Bi-based photocatalysts can be studied in the
future to explore the full potential in practical
applications:
Theoretical modeling is necessary for predicting
the electronic property and photocatalytic activity,
and the interactions at the surfaces and interfaces at
the atomic and molecular levels.
In situ and operando techniques are essential for
the characterization of molecular structure-activity
relationship and understanding the photocatalytic
mechanisms.
Low-dimensional nanostructures are a promising class of nanomaterials that show an enhanced
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photocatalytic activity compared with their bulk
counterparts due to their unique structural, optical,
and physico-chemical properties.
Extension of applications of Bi-based photocatalysts to solar water reduction, reduction of CO2 and
NO, and indoor air purification. The poor reducing
ability of these compounds due to a less negative
conduction band minimum can be improved by
constructing a direct Z-scheme heterojunction by
coupling with other semiconductors with more negative conduction band minimum.
Immobilization of photocatalyst nanoparticles
on stable supports in order to recover the photocatalyst particles after the reaction and to reduce the
scale of the reactor by eliminating the separation
and washing units in the continuous reactor type.

Conclusions
The heterogeneous photocatalysis is one of
the promising technologies for water and air purification at ambient temperature and pressure, utilizing atmospheric oxygen as oxidant. The heterogeneous photocatalysis can be applied for the degradation of various contaminants, including organic
dyes, pharmaceuticals, detergents, pesticides, herbicides, viruses, bacteria, etc. However, there are only
a few commercial implementations made for the
pretreatment process and stand-alone purification
system. Therefore, the design of visible-light-active
low-dimensional nanostructures of Bi-based photocatalysts can provide cost-effective and sustainable
alternative to the conventional wastewater treatment
process.
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